Background and objective: Inositol polyphosphate 4-phosphatase type II (INPP4B) is overexpressed in CRC tissues, and emerges as an oncogene. However, the mechanism by which INPP4B regulates CRC cell proliferation remains largely unclear. In this study, we aimed to investigate the regulatory mechanisms of INPP4B in CRC.
Introduction
Colorectal cancer (CRC) is the third most frequently diagnosed tumor type, and ranks as the fourth leading cause of cancer mortality worldwide. 1 With the improvement in present living conditions, there has been a marked increase in the incidence of CRC in China. There were ~376,300 new cases of CRC and 191,000 CRC-related deaths in China in 2015. 2 Hence, elucidating the molecular basis underlying CRC development is crucial for facilitating the development of novel diagnostic and therapeutic strategies against this disease.
Cap-dependent translation deregulation plays a critical role in the development of many different types of cancers by enhancing the translational efficiency of multiple oncogenic mRNAs involved in cell proliferation, survival, migration, and invasion.
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ruan et al kinase complex 1 (mTORC1) regulates the assembly of the eIF4F complex by phosphorylating eIF4E-binding protein 1 (4E-BP1). Hypophosphorylated 4E-BP1 represses the eIF4F assembly by competing with eIF4G for a binding site on eIF4E, while the phosphorylation of 4E-BP1 releases the binding to eIF4E, leading to the formation of the eIF4F complex and translation initiation. The abnormal activation of mTORC1 and high phosphorylation of 4E-BP1 have been found in CRC tissues, which can predict the poor prognosis of patients with CRC. 5 Furthermore, inhibiting cap-dependent translation can effectively suppress the proliferation and migration of CRC cells, 6, 7 suggesting that deregulated capdependent translation contributes to CRC progression.
Inositol polyphosphate 4-phosphatase type II (INPP4B) is an inositol polyphosphate phosphatase that has the ability to hydrolyze Phosphatidylinositol 3,4-bisphosphate [PtdIns-3,4-P2] to generate PtdIns-3-P. Since PtdIns-3,4-P2 is required for the full activation of Akt, INPP4B negatively regulates Akt activity by reducing the cellular levels of PtdIns-3,4-P2. 8 Accordingly, with the inhibitory effect of INPP4B on Akt activity, INPP4B functions as a tumor suppressor in many cancers, such as prostate cancer, lung cancer, bladder cancer, and ovarian cancer. [9] [10] [11] [12] Interestingly, increasing studies suggest that INPP4B plays an oncogenic role in some types of cancers, including breast cancer and melanoma. [13] [14] [15] Serum and glucocorticoid-inducible kinase 1 (SGK3), a member of the AGC family of kinases that is highly homologous to Akt, mediates the oncogenic role of INPP4B in these cancers. [13] [14] [15] In CRC, INPP4B exhibited a significantly elevated expression in tumor tissues, when compared with adjacent noncancerous colon tissues. Furthermore, INPP4B depletion suppressed the proliferation in CRC cells and reduced colon cancer xenograft growth, indicating that INPP4B plays an oncogenic role in CRC. In CRC cells, INPP4B not only activates SGK3, but also positively regulates Akt activity by decreasing the expression of PTEN, a repressor of Akt signaling. 9, 16 Although the role of SGK3 and Akt in mediating the oncogenic role of INPP4B in CRC has been characterized, it remains unclear how SGK3 and Akt execute their role in CRC cells. Accumulated evidence has demonstrated that SGK3, similar to Akt, can activate mTORC1 to promote cancer progression. 17, 18 Mechanistically, SGK3 phosphorylates TSC2 and inhibits GTPase activating protein activity of TSC2, leading to the activation of the Rheb GTPase and hence mTORC1. 18 Since SGK3 and Akt act downstream of INPP4B in CRC cells, it was presumed that INPP4B may activate mTORC1, which leads to increased cap-dependent translation and CRC cell proliferation.
In the present study, it was found that INPP4B promotes the proliferation of CRC cells by increasing mTORC1 activity. In addition, it was found that INPP4B activates cap-dependent translation, which further verifies the essential role of cap-dependent translation activation in CRC cell proliferation. Finally, it was demonstrated that AKT and SGK3 activation is required for INPP4B-mediated cap-dependent translation and cell proliferation. The present data indicate that INPP4B promotes CRC cell proliferation by activating mTORC1 signaling and cap-dependent translation.
Materials and methods antibodies and reagents
Antibodies against P70S6K, pP70S6K (T389), 4EBP-1, p4EBP-1 (S65), eIF4E, eIF4G, cyclinD1, AKT, and SGK3 were obtained from Cell Signaling Technology (Beverly, MA, USA). Anti-INPP4B and anti-tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody against HPIP was obtained from Proteintech (Chicago, IL, USA). RAD001 and 4EGI-1 were purchased from Selleck (Houston, TX, USA) and Calbiochem (Darmstadt, Germany), respectively. cells and cell culture SW620 and HCT116 cells (supplied by Shanghai Suer Biotechnology Co., Ltd.) were cultured in DMEM (Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% FBS (Thermo Fisher Scientific) and 100 U/mL penicillin/ streptomycin in an incubator with 5% CO 2 at 37°C.
In order to generate SW620 cells with a stable expression of INPP4B, SW620 cells were transfected with the pCMV-2B control vector or pCMV-2B-INPP4B vector with Lipofectamine 3000 (Thermo Fisher Scientific), according to the recommendations of the manufacturer. At 48 hours post-transfection, the transfected cells were selected with 0.5 mg/mL of G418 (Sigma-Aldrich Co., St Louis, MO, USA) for 2 weeks.
For establishing stable INPP4B knockdown HCT116 cells, HCT116 cells were infected with lentiviral particles harboring control shRNA or INPP4B shRNA (GeneChem Co., Shanghai, China). After 48 hours of infection, cells were selected in culture medium containing 1 μg/mL of puromycin (Thermo Fisher Scientific) for 10 days.
Western blotting
Cells were washed and lysed in ice-cold RIPA buffer (50 mM of Tris-HCl, pH 7.5, 150 mM of NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM of ethylenebis 
Bicistronic luciferase assays
Cells were transiently transfected with a dual-Renilla-fireflyluciferase pcDNA3-rLuc-PolioIRES-fLuc reporter, which directs the cap-dependent translation of the Renilla luciferase gene and cap-independent Polio IRES-mediated translation of the firefly luciferase gene. At 48 hours post-transfection, cells were collected for luciferase activity detection using the Dual-Luciferase Reporter Assay System (Promega). The ratio between Renilla and firefly luciferase activity (LucR/LucF) was calculated for cap-dependent translational activity. Three independent experiments were performed.
The m7gTP pull down assay 0.9% NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and 1 mm cells were washed and lysed in ice-cold RIPA buffer (50 mM of Tris-HCl, pH 7.5, 150 mM of EGTA, and 1 mM of EDTA) with a protease inhibitor cocktail (Roche Applied Sciences). Then, the cell lysates were incubated with 30 μL of m7GTP sepharose beads (GE Healthcare, Chalfont St Giles, England). After incubation with rocking for 3 hours at 4°C, the precipitates were washed three times with icecold lysis buffer, and used for Western blotting analysis. The original lysate was used as a loading control.
cell proliferation assays
Cells were seeded at a density of 2×10 3 cells per well in a 96-well plate, and cell proliferation was measured using CCK-8 (Dojindo Laboratories, Tokyo, Japan) assay, according to manufacturer's instructions. Absorbance was measured at 450 nm using a microplate reader. Three independent experiments were performed.
BrdU incorporation assays
A FITC BrdU Flow Kit (BD Biosciences, San Jose, CA, USA) was used to detect the cell proliferation. Briefly, bromodeoxyuridine (BrdU, 10 μM) was added to the culture medium and incubated for 4 hours, followed by flow cytometry analysis. Three independent experiments were performed.
statistical analysis
Data were presented as mean ± SD of samples from three independent experiments. All data were analyzed using the SPSS 17.0 software (SPSS, Chicago, IL, USA). The statistical differences between two groups were analyzed using an unpaired Student's t-test. One-way ANOVA, followed by Dunnett's post hoc test, was used to detemrine the statistical significance when comparing more than two groups. A P-value ,0.05 was considered statistically significant.
Results
inPP4B promotes the proliferation of colon cancer cells by increasing mTOrc1 activity
Given that previous studies have demonstrated that INPP4B promoted AKT and SGK3 activation in CRC cells, 9 and the well-characterized role of AKT and SGK3 in activating mTORC1, it was hypothesized that INPP4B might have a positive impact on mTORC1 activity. In order to test this hypothesis, the effect of INPP4B overexpression on mTORC1 activity in SW620 cells was first examined, which expressed relatively low levels of endogenous INPP4B in CRC cells. As expected, the enforced expression of INPP4B significantly enhanced the phosphorylation of P70S6K and 4EBP1, which are two well-known downstream targets of mTORC1 ( Figure 1A ). In contrast, silencing the expression of INPP4B profoundly decreased the phosphorylation of P70S6K and 4EBP1 in HCT116 cells, expressing relatively high levels of endogenous INPP4B ( Figure 1B) . Together, these data suggest that INPP4B increases mTORC1 activity in CRC cells.
Subsequently, it was determined whether mTORC1 activity is involved in the regulation of CRC cell proliferation by INPP4B. The CCK-8 assay result revealed that INPP4B overexpression markedly promoted the proliferation of submit your manuscript | www.dovepress.com
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ruan et al SW620 cells, while the treatment of RAD001, a specific inhibitor of mTORC1, reversed the effect of INPP4B ( Figure 1C) . BrdU incorporation assay further demonstrated that RAD001 treatment attenuated the increased proliferation of SW620 cells by INPP4B overexpression ( Figure 1D ). Collectively, these results suggest that the increase in mTORC1 activity contributes to INPP4B-mediated colon cancer cell proliferation.
inPP4B activates cap-dependent translation in colon cancer cells
The above-mentioned results revealed that INPP4B activates mTORC1 in CRC cells. Given that mTORC1 activation positively regulates cap-dependent translation, it was presumed that INPP4B may enhance cap-dependent translation in CRC cells. In order to test this hypothesis, the effect of INPP4B overexpression on cap-dependent translation was first detected by utilizing a dual-luciferase reporter system, which has been widely used for monitoring the cap-dependent translation in cells. As expected, INPP4B overexpression significantly enhanced the cap-dependent translation in SW620 cells (Figure 2A ). In contrast, the knockdown of endogenous INPP4B suppressed the cap-dependent translation in HCT116 cells ( Figure 2B ). Cap-dependent translation is under the control of the eIF4F complex, and its assembly could be accessed through the 7-methyl GTP sepharose bead assay. Next, the effect of INPP4B on the assembly of the eIF4F complex was examined. As shown in Figure 2C , INPP4B overexpression enhanced the formation of the eIF4F complex, as reflected by the increased interaction between eIF4E and eIF4G ( Figure 2C ). Conversely, INPP4B depletion dramatically impaired the assembly of the eIF4F complex ( Figure 2D ). In addition, it was explored whether the increase in mTORC1 activity is required for INPP4B-mediated cap-dependent translation. Strikingly, RAD001 treatment reversed the increased cap-dependent translation caused by INPP4B overexpression in SW620 cells ( Figure 2E ). Collectively, these data suggest that INPP4B enhances cap-dependent translation by activating mTORC1 in colon cancer cells. Next, it was determined whether the enhanced cap-dependent translation contributes to increased cell proliferation by INPP4B. The protein expression levels of cyclinD1, a key effector for regulating cell proliferation, was first detected in SW620 cells with or without INPP4B overexpression. As shown in Figure 3A , INPP4B overexpression markedly enhanced the protein expression levels of cyclinD1 in SW620 cells. However, the RNA expression levels of CCND1 was not significantly altered by INPP4B overexpression ( Figure 3B) , as assessed by quantitative PCR assay, indicating that INPP4B promotes cyclinD1 expression by increasing its protein translation, but not mRNA transcription. However, the treatment of 4EGI-1, a selective eIF4E/eIF4G interaction inhibitor, almost completely abolished the increase in cyclinD1 expression caused by the INPP4B overexpression ( Figure 3A) , suggesting that INPP4B promotes cyclinD1 expression by activating cap-dependent translation. Furthermore, the increased proliferation of SW620 cells by INPP4B overexpression was remarkably attenuated by 4EGI-1 treatment, as assessed by the CCK-8 assay ( Figure 3C ). Hypo-phosphorylated 4E-BP1 impairs the assembly of the eIF4F complex by competing with eIF4G for binding to eIF4E, leading to the suppression of cap-dependent translation. 4 The above-mentioned results revealed that INPP4B depletion suppressed 4E-BP1 phosphorylation and cap-dependent translation in CRC cells. In order to further confirm that INPP4B regulates CRC cell proliferation by controlling cap-dependent translation, the expression of 4EBP1 was silenced in HCT116 cells with or without INPP4B depletion, and it was determined whether 4EBP1 knockdown affects the inhibitory role of INPP4B depletion on the proliferation of HCT116 cells ( Figure 3D and E) . The CCK-8 assay revealed that 4EBP1 knockdown almost entirely antagonized the suppressive effect of INPP4B depletion on HCT116 cell proliferation ( Figure 3F ), suggesting that 
akt and sgK3 regulates cap-dependent translation downstream of inPP4B
The above-mentioned results revealed that INPP4B promotes cap-dependent translation in a mTORC1-dependent manner. Given that previous studies demonstrated that INPP4B activates Akt and SGK3 in CRC cells, 9 and that mTORC1 functions as the downstream of both Akt and SGK3, it was speculated that Akt and SGK3 may mediate the action of INPP4B on mTORC1 activity and cap-dependent translation in CRC cells. As expected, the increase in cap-dependent translation and cell proliferation in SW620 cells induced by INPP4B overexpression was abolished by the co-introduction of siRNA against Akt or SGK3 ( Figure 4A-C) . In contrast, when myr-Akt and myr-SGK3 were co-introduced, the inhibitory effect of INPP4B depletion on cap-dependent translation and cell proliferation in HCT116 cells was eliminated ( Figure 4D-F) . Together, these results suggest that Akt and SGK3 regulate cap-dependent translation downstream of INPP4B.
Discussion
As a negative regulator of PI3K/AKT signaling, INPP4B has been found to exhibit a tumor suppressive role in a variety of cancers, including ovarian, prostate, and breast cancers. 9, 12, 19 However, recent studies have demonstrated that INPP4B also functions as an oncogene in some cancers. In melanoma, INPP4B has been reported to be highly expressed and promote the development of melanoma.
14 Furthermore, INPP4B has been found to be aberrantly overexpressed in acute myeloid leukemia patient samples and associated with chemoresistance and poor clinical outcome. 20 In some breast cancers harboring oncogenic PIK3CA, INPP4B drives tumorigenesis by mediating SGK3 The Western blot analysis of aKT and sgK3 expression in control and sW620 cells with a stable expression of inPP4B co-introduced with aKT sirna (siaKT) and sgK3 sirna (sisgK3). Tubulin was used as a loading control. (B) control and sW620 cells with a stable expression of inPP4B transfected with a bicistronic luciferase reporter plasmid were co-introduced with siaKT and sisgK3. after 48 hours of transfection, luciferase activity was measured. The results are presented as the mean ± sD of triplicate measurements. *P,0.05. (C) control and sW620 cells with a stable expression of inPP4B were co-transfected with siaKT and sisgK3. at 24 hours post-transfection, cells were seeded in 96-well plates. after 48 hours, cell proliferation was measured by ccK-8 assay. The results are presented as the mean ± sD of triplicate measurements. *P,0.05. (D) Western blot analysis of aKT and sgK3 expression in hcT116 cells with or without inPP4B depletion co-introduced with myr-akt and myr-sgK3 vectors. Tubulin was used as a loading control. (E) hcT116 cells with or without inPP4B depletion transfected with a bicistronic luciferase reporter plasmid were co-introduced with the myr-akt and myr-sgK3 vectors. after 48 hours of transfection, luciferase activity was measured. The results are presented as the mean ± sD of triplicate measurements. *P,0.05. (F) hcT116 cells with or without inPP4B depletion, which were transfected with a bicistronic luciferase reporter plasmid, were co-introduced with the myr-akt and myr-sgK3 vectors. at 24 hours post-transfection, cells were seeded in 96-well plates. after 48 hours, cell proliferation was measured by ccK-8 assay. The results are presented as the mean ± sD of triplicate measurements. *P,0.05. Abbreviations: CCK-8, Cell Counting Kit-8; NS, not significant. activation downstream of PI3K. 13 A recent study revealed that INPP4B was markedly upregulated in human CRC cells and promoted CRC cell proliferation by activating SGK3 and AKT. 9 However, it remains unclear how SGK3 and AKT exert their role in CRC cells. In the present study, it was found that mTORC1 functions downstream of SGK3 and AKT, and contributes to INPP4B-mediated colon cancer cell proliferation ( Figure 5) .
The aberrant activation of mTORC1 signaling plays a crucial role in the initiation and progression of CRC. Activated mTORC1 phosphorylates 4E-BP1, leading to the formation of the eIF4F complex and the initiation of cap-dependent translation. 6 Since it was found that INPP4B increased mTORC1 activity, the investigators determined whether INPP4B enhanced cap-dependent translation in CRC cells. It was found that INPP4B promoted 4E-BP1 phosphorylation and cap-dependent translation, while suppressing mTORC1 activity with RAD001 reversed the increase in cap-dependent translation by INPP4B, suggesting that an increase in mTORC1 activity was required for INPP4B-mediated cap-dependent translation. Importantly, inhibiting cap-dependent translation with 4EGI-1 repressed the ability of INPP4B to promote CRC cell proliferation, while 4E-BP1 knockdown abolished the inhibitory effect of INPP4B silencing on cap-dependent translation and CRC cell proliferation, confirming that INPP4B promotes CRC cell proliferation by enhancing cap-dependent translation ( Figure 5) . Interestingly, we found that INPP4B significantly promoted the expression of cyclinD1 protein, but had little effect on the RNA expression levels of CCND1. These results may be attributed to the fact that CCND1 contains relatively long and structured 5′-untranslated regions, which makes it more dependent on the unwinding activity of eIF4A within the eIF4F complex, and thus highly sensitive to the levels of eIF4E in the cell. 22 Since both INPP4B and phosphorylated 4E-BP1 have been reported to be overexpressed in CRC tissues, and it was found that INPP4B enhanced 4E-BP1 phosphorylation in CRC cells, it is interesting to explore the correlation between INPP4B and phosphorylated 4E-BP1 expression in clinical tissues. In addition, cap-dependent translation has also been reported to promote cancer cell migration by enhancing the expression of Snail, a key regulator of cancer metastasis. 21 Therefore, further investigation is needed to determine whether INPP4B regulates CRC cell migration.
In contrast to the negative regulation of INPP4B on PI3K/AKT signaling by dephosphorylating PI(3,4)P2 in many types of cells, INPP4B has been reported to enhance this pathway in CRC cells by repressing PTEN expression. Meanwhile, INPP4B also increased SGK3 activity in CRC cells. Both AKT and SGK3 cooperatively regulate CRC cell proliferation driven by INPP4B. 9 Consistent with this observation, accumulating evidences suggest the importance of SGK3 in mediating the oncogenic role of INPP4B, such as in breast cancer, melanoma, and NPM1-mutated leukemia. 13, 14, 23 In the present study, it was confirmed that SGK3 activation is required for INPP4B-mediated cap-dependent translation and cell proliferation. Thus, it would be interesting to investigate whether INPP4B promotes cell proliferation by enhancing cap-dependent translation via activating SGK3 in other cancer cells.
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